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ABSTRACT
In cold dark matter models, a galaxy’s dark matter halo is more spatially extended
than its stars. However, even though the five well-constrained gravitational lenses with
time delay measurements must have similar dark matter distributions, reconciling the
Hubble constant estimated from their time delays with local estimates is possible only
if that dark matter distribution is as compact as the luminous galaxy. The Hubble
constant is H0 = 48
+7
−4 km/s Mpc (95% confidence) if the lenses have flat rotation
curves and H0 = 71±6 km/s Mpc (95% confidence) if they have constant mass-to-light
ratios, as compared to H0 = 72 ± 8 km/s Mpc (68% confidence) for local estimates
by the HST Key Project. Either all five H0 estimates based on the lenses are wrong,
local estimates of H0 are too high, or dark matter distributions are more concentrated
than expected. The average value for H0 including the uncertainties in the mass
distribution, H0 = 62± 7 km/s Mpc, has uncertainties that are competitive with local
estimates. However, by selecting a value for H0 you also determine the dark matter
distribution of galaxies.
Subject headings: cosmology: gravitational lensing; cosmology: Hubble constant; dark
matter
1. Introduction
Gravitational lens time delay measurements can determine the Hubble constant H0 given a
model for the gravitational potential of the lens galaxy (Refsdal 1964). The number of accurate
delay measurements has begun to grow rapidly (see Schechter 2000), leading to a sample of nine
lenses. Five of these systems have time delay measurements, relatively simple environments, and
a dominant lens galaxy with regular isophotes (RXJ0911+0551, Burud 2002b; PG1115+080,
Schechter et al. 1997, Barkana 1997, Impey et al. 1998; SBS1520+530, Burud 2002b, Faure et
al. 2002; B1600+434, Burud et al. 2000, Koopmans et al. 2000; and HE2149–2745, Burud et
al. 2002). The remaining four systems either have poorly determined properties (the lens positions
in B0218+357 and PKS1830–211, see Lehar et al. 2000, Winn et al. 2002, Courbin et al. 2002),
or more complicated lenses (interacting galaxies in B1608+656, Koopmans & Fassnacht 1999, a
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brightest cluster galaxy in Q0957+561, see Keeton et al. 2000). With a sample of five relatively
clean systems, we have reached the point where gravitational lenses become a serious alternative
to the local distance ladder for the determination of H0.
The determination of H0 from a gravitational lens time delay requires a model for the mass
distribution of the lens galaxy. In both models of particular time delay lenses (e.g. Keeton &
Kochanek 1997, Impey et al. 1998, Koopmans & Fassnacht 1999, Lehar et al. 2000, Keeton et
al. 2000, Winn et al. 2002) and from general analytic principles (Refsdal & Surdej 1994, Witt, Mao
& Schechter 1995, Witt, Mao & Keeton 2000, Rusin 2000, Zhao & Pronk 2001, Wucknitz 2002,
Oguri et al. 2002) we know there is usually a degeneracy between the radial mass distribution
in the lens and the estimate of H0, in the sense that more compact mass distributions lead
to larger Hubble constants for a fixed time delay. This degeneracy can be broken by finding
additional constraints (e.g. host galaxies, Kochanek, Keeton & McLeod 2001), or by requiring
the mass distribution to be consistent with that of other lenses (e.g. Munoz, Kochanek &
Keeton 2001), weak lensing studies (e.g. Guzik & Seljak 2002), local estimates from stellar
dynamical observations (e.g. Rix et al. 1997, Romanowsky & Kochanek 1999, Gerhard et al. 2001,
Treu & Koopmans 2002), X-ray observations (e.g. Fabbiano 1989, Lowenstein & White 1999)
or theoretical models (e.g. Kochanek & White 2001, Keeton 2001). All these direct estimates
support a dark matter dominated model in which the lenses have flat or slowly declining rotation
curves near the Einstein ring.
We can also reverse the problem and simply determine the mass distribution the lenses must
have in order to agree with local estimates of H0 (e.g. Rusin 2000). We will use the measurement
by the HST Key Project (Freedman et al. 2001) of H0 = 72 ± 8 km/s Mpc as our fiducial,
independent estimate for H0. There are two caveats about using this constraint. First, the Key
Project estimate is significantly higher than the estimate of H0 = 59 ± 6 km/s Mpc by Saha et
al. (2001) based on their Cepheid calibration for a sample of galaxies with Type Ia supernovae.
Second, the uncertainties in both estimates are dominated by non-Gaussian systematic errors
such as photometric calibrations, the distance to the LMC, Cepheid metallicity corrections and
blending rather than statistical uncertainties (see the discussion in Freedman et al. 2001).
Even if the individual time delay lenses provide no direct constraints on their dark matter
distributions, our general understanding of galaxies and the CDM paradigm set some broad
limits. In our analysis we consider two limiting possibilities for the mass distributions of the
gravitational lenses. The first model is a dark matter model with a flat rotation curve. These
models set a lower bound on H0 unless typical galaxies have rising rotation curves on the spatial
scales of Einstein rings (typically 1.0–1.5Re). The second model is a constant mass-to-light ratio
(constant M/L) model based on the photometry obtained by the CfA/Arizona Space Telescope
Lens Survey (CASTLES, Falco et al. 2001). No galaxy models in a cold dark matter (CDM)
dominated universe should have mass distributions which are more centrally concentrated than
the luminosity distribution (e.g. Mo, Mao & White 1998). Hence, the constant M/L models set
an upper bound on H0 (Impey et al. 1998). In §2 we discuss the data and our analysis methods.
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In §3 we present the estimates of H0 for the two limiting mass distributions and compare them to
the local estimates. We are forced to conclude that there is a problem in either the lens estimates
of H0, the local estimates of H0 or our understanding of dark matter distributions.
2. The Available Data
There are nine lenses with reasonably accurate time delay measurements (see Schechter 2000,
Burud 2002b) of which we consider only five: RXJ0911+0551, PG1115+080, SBS1520+530,
B1600+434 and HE2149–2745. The four lenses we do not include in our analysis are B0218+357,
Q0957+561, B1608+656 and PKS1830–211. We first discuss why we used only five of the nine
lenses. Then we provide a brief synopsis of the data and previous models of the five lenses we
include in our analysis.
In B0218+357 and PKS1830–211 the problem lies in making an unambiguous measurement
of the lens galaxy position relative to the images because there is a strong degeneracy between the
lens position and the value of H0 even for a fixed mass distribution (see Lehar et al. 2000). In
B0218+357 the small image separation (0.′′35) made it impossible to reliably determine the lens
position from existing HST images (Lehar et al. 2000), with the best estimates favoring very low
values of H0. Using the centroid of the radio ring leads to a higher value of H0 (Biggs et al. 1999),
but the center of an Einstein ring is more closely related to the position of the source than of
the lens (see Kochanek et al. 2001). Wucknitz (2001) estimated the lens position by modeling
the radio ring. At this position the delay implies very high values of H0, but the models are
inconsistent with the VLBI data for the radio cores. Given these problems, we do not include
B0218+357 in our analysis. A new attempt to measure the position directly is planned using the
Advanced Camera for Surveys (ACS, Cycle 11, PI N. Jackson).
While we are confident of our estimate of the lens position in PKS1830–211 (Winn et
al. 2002), an independent analysis of the same data by Courbin et al. (2002) suggests an alternate
interpretation involving multiple lens components. Winn et al. (2002) find that the lens is a single
spiral galaxy with a well-determined position leading to estimates of H0 very similar to those for
the five lenses we will analyze here (H0 = 44 ± 9 km/s Mpc for an SIE model of PKS1830–211).
The quality of the images makes it impossible to derive an accurate photometric model for the
galaxy, so we cannot produce an estimate of H0 under the assumption of a constant mass-to-light
ratio. If, on the other hand, the multiple lens interpretation of Courbin et al. (2002) is correct,
then the PKS1830–211 system is useless for estimates of H0 given the available data. Deeper HST
images of the system could resolve the problem, but none are currently scheduled.
We neglect Q0957+561 and B1608+656 because they are compound lenses with many more
parameters than constraints. The Q0957+561 lens is dominated by a brightest cluster galaxy
sitting near the center of its cluster (see Chartas et al. 2002). Keeton et al. (2000, also Bernstein
et al. 1997) were able to use the properties of the lensed images of the quasar host galaxy to show
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that all earlier models of the system were inconsistent with the observed structure of the host
galaxy, but were unable to use the host galaxy to obtain a robust estimate of H0. The structure
of the host requires a cluster near the lens galaxy, as confirmed by the Chartas et al. (2002) X-ray
observations, and it also requires that the lens galaxy dominate the image splitting. Essentially all
earlier estimates of H0 using Q0957+561 violated these two requirements (see Keeton et al. 2000).
Very deep infrared images planned for HST Cycle 11 should provide the constraints needed to
make reliable estimates of H0 from this system.
In B1608+656 the lens consists of two interacting galaxies lying inside the Einstein ring
defined by the images (see Koopmans & Fassnacht 1999). The two galaxies have irregular
isophotes, due to the interactions and the presence of dust, and the position estimates for the two
galaxies depend on the wavelength of the observation (see Koopmans & Fassnacht 1999, Surpi &
Blandford 2001). Dark matter models by Koopmans & Fassnacht (1999) find higher values of H0
than for the lenses we analyze, with H0 = 66 ± 7 km/s Mpc for their standard model, although
they obtain a broader range of values under different assumptions for the position of the two lens
galaxies and the degree to which the model should be constrained by the observed orientations and
ellipticities. If the luminosity distributions are complex, it seems reasonable to expect complex
mass distributions which may not be well described by standard mass models. This system may be
better modeled using the non-parametric approach of Williams & Saha (2000), which can include
the effects of transient mass distributions produced by the merger. For the more regular lenses,
the non-parametric solutions must be employed with care because the positive surface density
constraint used to limit parameter space allows too much freedom in the models (permitting
negative density distributions, negative distribution functions or dynamically unstable solutions).
This is in contrast to standard parametric models, which are guaranteed to correspond to physical
dynamical models at the price of restricting the freedom in the mass distribution. While we regard
our reasons for neglecting B1608+656 as legitimate, it is the one system we drop whose properties
may run counter to our general discussion.
We now discuss the five systems (RXJ0911+0551, PG1115+080, SBS1520+534, B1600+434
and HE2149–2745) we include in our analysis.
We fit RXJ0911+0551 based on the CASTLES photometric data, the Burud (2002b) delay
of 150 ± 6 days (68% confidence) between the A-C cusp images and image D, and the Morgan et
al. (2001) centroid for the nearby X-ray cluster 12.′′0 ± 3.′′0 East and −39.′′8 ± 3.′′0 South of image
B. The lens galaxies were modeled by two de Vaucouleurs components. The primary lens has a
major axis effective radius of 0.′′77 ± 0.′′07, a major axis position angle of −39◦ ± 15◦ and an axis
ratio of 0.79 ± 0.06. The satellite galaxy (only 8% of the H-band flux) has a major axis effective
radius of 0.′′36 ± 0.′′14, and is indistinguishable from round in the available data. To simplify the
fits we used a round satellite in both the constant M/L and dark matter lens models. Test runs
showed this assumption had no significant effects on the estimates of H0. The isophotes of the two
components are well separated and regular (unlike B1608+656).
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The gravitational potential of the cluster near RXJ0911+0551 has significant effects on the
estimates of H0. We modeled the cluster as a singular isothermal sphere (SIS), finding reasonable
fits for cluster velocity dispersions of 1100 km/s for the dark matter models and 1250 km/s for
the constant M/L models. The SIS models are in reasonable agreement with the 840 ± 200 km/s
velocity dispersion of the galaxies (Kneib, Cohen & Hjorth 2000, see Burud 2002b). An SIS model
has equal shear and convergence, κc = γc = bc/2r ≃ 0.25 where bc is the cluster critical radius and
r is the distance to the cluster center. We could obtain Hubble constants 1/(1− κc) ≃ 0.38 higher
than those for the SIS models by assuming a very compact cluster with κc = 0 at the location of
the lens because of the mass sheet degeneracy in the models (Falco, Gorenstein & Shapiro 1985).
Thus, our RXJ0911+0551 models really supply the likelihood for H0(1 − κc)/(1 − κSIS) where
κSIS is the convergence for the SIS model and κc is the convergence for the true cluster density
profile, both measured at the lens. Like the lens galaxies, the cluster rotation curve should also
be flat or falling on these scales and must have positive density, so 0 ≤ κc ≤ κSIS. This means
that we can use RXJ0911+0551 only to obtain lower bounds on H0 or to estimate the true cluster
surface density κc.
We fit PG1115+080 based on the photometric data from Impey et al. (1998) and the time
delay estimates by Barkana (1997, based on Schechter et al. 1997). The longest delay is 25±4 days
(95% confidence). The model consists of a de Vaucouleurs primary lens galaxy and a perturbing
isothermal group. Kochanek et al. (2001) found that the structure of the Einstein ring image of
the quasar host galaxy weakly (2σ) ruled out constant M/L models in favor of models with a flat
rotation curve and lower values of H0. Historically, the low estimates of H0 from PG1115+080
have been regarded as anomalous (e.g. see Koopmans & Fassnacht 1999). Our models reproduce
the earlier estimates by Impey et al. (1998).
We fit SBS1520+530 based on the CASTLES photometric data (see also Faure et al. 2002)
and the Burud (2002b) delay of 130 ± 3 days (68% confidence). The lens was constrained to be
a de Vaucouleurs model with a major axis effective radius of Re = 0.
′′60 ± 0.′′02, a major axis
position angle of −26◦± 2◦ and an axis ratio of 0.46± 0.04. The models included an external shear
restricted by a Gaussian prior to the range γ = 0.05 ± 0.05 (see the discussion of HE2149–2745).
We fit B1600+434 based on photometric fits to the CASTLES data and the optical time
delay of 51± 4 days (95% confidence) measured by Burud et al. (2000). The optical delay agrees
with the radio delay of 57 ± 6 days (68% confidence) measured by Koopmans et al. (2000) but it
has smaller uncertainties. In the constant M/L models we did not constrain the mass ratio of the
disk and the bulge, which allowed the models more freedom than strictly necessary. The constant
M/L model consisted of a de Vaucouleurs bulge and an exponential disk forced to have a common
centroid and major axis position angle (44◦ ± 6◦). The bulge (disk) has a major axis scale length
of 0.′′45± 0.′′06 (0.′′84± 0.′′06) and an axis ratio of 0.69± 0.05 (0.16± 0.06). These values are broadly
consistent with the estimates by Maller et al. (2000), differing mainly in our requirement that the
two components share a common orientation. The dust lane in the lens galaxy makes its position
relatively uncertain, and we adopt the position of (∆RA = −0.′′13 ± 0.′′05, ∆Dec = 0.′′21 ± 0.′′05)
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from image B used by Koopmans, de Bruyn & Jackson (1998). The estimates for H0 in Burud et
al. (2000) and Koopmans et al. (2000) used hybrid (disk + bulge + halo) mass models developed
by Koopmans et al. (1998) and Maller et al. (2000). These models give values of H0 between our
our dark matter and constant M/L limiting models for the same lens position.
We fit HE2149–2745 based on the CASTLES photometric data and the time delay of
103 ± 12 days (68% confidence) reported by Burud et al. (2002). The model consists of a de
Vaucouleurs primary lens galaxy in a perturbing external (tidal) shear. We must always allow for
a local shear in realistic models (see Keeton, Kochanek & Seljak 1997, Kochanek 2002), although
it has little effect on the estimate of H0 (δH0/H0 ∼ γ, see Witt et al. 2000). The external shear is
constrained by a weak prior (γ = 0.05 ± 0.05) to the typical range observed in four-image lenses
(see Keeton et al. 1997, Kochanek 2002). In RXJ0911+0551, PG1115+080 and B1600+434, the
shear perturbations were supplied by the nearby group or galaxy.
Burud et al. (2002) modeled the system using pseudo-Jaffe models (Keeton & Kochanek 1997,
Munoz et al. 2001) to explore the dependence of H0 on the radial mass distribution. They adopted
a break radius for the density distribution such that the ellipticities of the mass and the light
agreed leading to an estimate of H0 = 66 ± 8 km/s Mpc. This criterion is arbitrary because we
only have evidence for the alignment of the mass and the light in lens galaxies rather than for a
similarity in shape (see Kochanek 2002). Based on theoretical arguments and other observations
that halos tend to be rounder than the luminous galaxies (see Sackett 1999), we can plausibly use
the observed ellipticity only as an upper bound on the models. Models of HE2149–2745 with more
dark matter (a larger break radius) are rounder, just as we might expect, and allow significantly
lower values of H0. The addition of the external shear further loosens any constraint associated
with the ellipticity of the lens.
We modeled these five lenses using the lensmodel package (Keeton 2001). Each lens was fit
using either a dark matter model or a constant M/L model. The dark matter model used a
singular isothermal ellipsoid (SIE) to represent the overall mass distribution of the system. The
constant M/L models used ellipsoidal de Vaucouleurs models and exponential disks constrained
by the photometric model for the galaxies. We use the photometry only as a constraint on the
mass distribution – the masses of the components are determined by the lens models with no
constraints based on estimates of stellar mass-to-light ratios. Perturbing galaxies and clusters
were modeled as singular isothermal spheres (SIS). All models included either an SIS perturber
(RXJ0991+0551, PG1115+080, B1600+434) or a constrained tidal shear (SBS1520+530, HE2149–
2745). We assumed 20% errors in the image fluxes, where the uncertainties are dominated by
systematic problems such as substructure (see Dalal & Kochanek 2002) rather than measurement
uncertainties. We also adopt a minimum time delay error of 5% to encompass systematic errors
such as convergence fluctuations from large scale structure (e.g. Seljak 1994, Barkana 1996).
The goodness of fit was determined by a χ2 statistic measured on the lens plane for the images
combined with the fit to the observed time delays. Both the dark matter and the constant
M/L models produce statistically acceptable fits to the image configurations all lenses except
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RXJ0911+0551. For this system the constant M/L model is formally ruled out (∆χ2 = 20),
but this is in part an artifact of using a round satellite galaxy to speed the calculations. We
use maximum likelihood methods to analyze the results by examining the likelihood ratio
2 ln(L/Lmax) = χ
2(H0) − χ
2
min(H0) for each model sequence. We adopt an Ω0 = 0.3 flat
cosmological model for our analysis and discussion.1
3. Results and Conclusions
As discussed in §1, we focused on the dark matter and constant M/L models because
they represent the limiting cases for physically possible mass distributions given our current
understanding of dark matter. Unless galaxies have rising rotation curves near the Einstein
ring of the lens (typically 1.0–1.5 effective radii from the lens galaxy), the SIE models provide
lower bounds on H0 for a fixed time delay. Constant M/L models are the most compact mass
distributions allowed for a gravitational lens, so they lead to firm upper bounds on the H0 (see
Impey et al. 1998). Dark matter cannot be more centrally concentrated than the stars unless their
are fundamental flaws in our understanding of cold dark matter. These are two extreme limits,
and all our theoretical expectations and estimates of mass distributions in other lenses or by other
means suggest that reality must be closer to the dark matter model than to the constant M/L
model. Our results, in the form of model likelihoods as a function of the Hubble constant, are
shown in Figures 1 and 2.
Under either assumption about the mass distribution, the five lenses produce consistent
estimates for H0 (see Figure 1). If we exclude RXJ0911+0551, because of the added uncertainty
created by the dark matter distribution of the nearby cluster (see below), we find that
H0 = 48
+7
−4 km/s Mpc (95% confidence) for the dark matter model and H0 = 71 ± 6 km/s Mpc
(95% confidence) for the constant M/L model. The jackknife and bootstrap error estimates are
comparable to those from the combined likelihoods. Because the H0 estimates for the lenses are
very similar when we assume they have the same radial mass profiles, the radial mass distributions
must be similar. For example, for potentials φ ∼ Rβ, where β = 1 is the isothermal profile we use
for our dark matter model and the limit β → 0 is a point mass, estimates of the Hubble constant
roughly scale as H0 ∝ (2 − β) (Witt et al. 2000). If we assume that three of the four lenses
have the dark matter (β = 1) profile, then we find that the slope for the remaining lens must be
β = 0.83+0.18
−0.16, 1.09
+0.09
−0.21, 1.19
+0.11
−0.15 and 0.98
+0.22
−0.28 (68% confidence) for PG1115+080, SBS1520+530,
B1600+434 and HE2149–2745 respectively. The jackknife estimate for the variance in the slopes
1All cited values of H0 from the lenses are scaled to this cosmological model. While the H0 estimates from lenses
do depend on the cosmological model (Refsdal 1966), the magnitude of the variations is too small to be relevant
to our discussion. A demonstration that the cosmological model estimated by lens time delay measurements agrees
with other estimates will be important as part of any claim that the errors in the H0 measurements are smaller than
about 5%. As an experiment, we estimated Ωm for flat cosmological models based on the estimates of H0 for the
dark matter models, finding that Ωm = 1.0 is ruled out compared to our standard model at 0.1σ!
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Fig. 1.— Maximum likelihood estimates for H0.
(Bottom) The likelihood functions for the constantM/L models of the individual lenses. Obtaining
higher values for H0 than the constant M/L models requires dark matter distributions which are
more compact than the luminosity distribution. The dashed curve is RXJ0911+0551.
(Middle) The likelihood functions for the dark matter (DM) models of the individual lenses.
Obtaining lower values for H0 than the DM models requires a mass distribution with a rising
rotation curve at the Einstein ring of the lens (at 1–2Re). The dashed curve is RXJ0911+0551.
(Top) The upper panel shows the combined likelihood functions for the dark matter (DM) models
(left solid/dash), the constant M/L models (right solid/dash) and a Gaussian model for the local
estimate by the HST Key project (dashed-dot). The solid (dashed) curves for the dark matter and
constant M/L models exclude (include) RXJ0911+0551.
The horizontal dashed lines show the 68% (1σ), 95% (2σ) and 99% (3σ) confidence limits based on
the likelihood ratio.
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Fig. 2.— Final likelihood estimates for H0. The light solid line shows the estimate from the
lens time delays assuming the mass distribution is bounded by the dark matter and constant M/L
models but we are unable to discriminate between any intermediate model. The lower bounds are
due to the dark matter models and the upper bounds are due to the the constant M/L models.
RXJ0911+0551 is included assuming the cluster surface density is bounded by κSIS ≥ κc ≥ 0.
The dashed line is the HST Key Project estimate and the heavy solid line is the joint likelihood.
Compared to the mean and variance of H0 = 72± 8 km/s Mpc of the Key Project, the lenses have
H0 = 62 ± 7 km/s Mpc and the joint likelihood has H0 = 67 ± 5 km/s Mpc. The variance in the
H0 estimate differs from the 68% confidence region of 53 km/s Mpc < H0 < 73 km/s Mpc because
the likelihood distribution is not Gaussian. The problem with the region permitted by the joint
likelihood is that it corresponds to models with little dark matter compared to the expectations
for CDM.
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is σβ ≃ 0.23, roughly half of which is due to the measurement uncertainties. The intrinsic scatter
must be relatively small (σβ ≃ 0.15). As a result, our estimates of H0 vary little if we use any
three of the four lenses (which is unfortunate, see the Appendix).
Despite the presence of the cluster, RXJ0911+0551 agrees with this general picture. If we
assume that the lens galaxy in RXJ0911+0551 has a similar structure to the other lens galaxies,
then we can estimate the dark matter surface density in the cluster from the requirement that all
five systems must agree on the value of H0. We find that the cluster convergence is κc = 0.24±0.08
for the dark matter models and κc = 0.25 ± 0.06 for the constant M/L models. These values are
very similar to the SIS convergences of κSIS = 0.25 and 0.31, as we might expect when the lens
lies 200h−1 kpc from the cluster center where the cluster density profile is close to ρ ∼ r−2 for
typical models (e.g. Bullock et al. 2001).
Unfortunately, while the time delay lenses must have very similar mass profiles, we cannot
determine which profile is appropriate given the available data. We can try to break the degeneracy
by using an independent estimate of H0 (e.g. Rusin 2000), in particular the local estimate by the
HST Key Project that H0 = 72 ± 8 km/s Mpc (Freedman et al. 2001). The agreement between
the lenses and the Key Project is very good for the constant M/L models and terrible for the
dark matter models (see Figure 1). Even with the freedom to adjust the cluster it is difficult
to reconcile the dark matter model of RXJ0911+0551 with the Key Project estimate because it
requires a negative cluster surface density (κc = −0.13 ± 0.20). The local estimate breaks the
degeneracy, but it also means that the lens galaxies cannot have massive, extended dark halos.
Such a conclusion disagrees with the CDM picture of galaxies and the abundant evidence for halos
in galaxies and gravitational lenses similar to the time delay systems.
There are three possible solutions.
First, we may fundamentally misunderstand the distribution of dark matter in galaxies. Our
problem is the opposite of the more familiar “dark matter crisis” where models of dwarf and
low surface brightness galaxy rotation curves seem to require dark matter distributions which
are less centrally concentrated than theoretical predictions (see the review by Moore 2001).
The issue for fitting rotation curves is the structure of central density cusps, with gravitational
lenses favoring steeper cusps than those expected from CDM models rather than the shallower
cusps suggested by the rotation curves (see Rusin & Ma 2001, Keeton 2001, Munoz et al. 2001).
Whatever the structure of the cusps, all these models still have dark matter distributions which
are less concentrated than the stars (baryons), while we need to make the dark matter at
least as concentrated as the stars in order to solve the H0 problem illustrated by Fig. 1. At
present, the lensing constraints on the 5 systems cannot determine the radial mass distributions
robustly. However, the lenses where we can make such estimates favor models close to the dark
matter limit (see Munoz et al. 2001 and references therein), as do weak lensing studies (e.g.
Guzik & Seljak 2002), local stellar dynamical observations (e.g. Rix et al. 1997, Romanowsky
& Kochanek 1999, Gerhard et al. 2001, Treu & Koopmans 2002), and X-ray observations (e.g.
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Fabbianno 1989, Lowenstein & White 1999).
Second, the Key Project estimate that H0 = 72 ± 8 km/s Mpc could be too high or have
significantly underestimated uncertainties. For example, the lensing results are more compatible
with the estimate of H0 = 59± 6 km/s Mpc from Cepheid calibrations of the distances to Type Ia
supernovae (Saha et al. 2001). Freedman et al. (2001) argue strongly against the Saha et al. (2001)
analysis for a range of legitimate technical issues, which is why we adopted the Key Project
estimate as our standard for local estimates. There are also arguments for significantly larger
corrections for metallicity (e.g. Sasselov et al. 1997, Kochanek 1997) and blending (e.g. Mochejska
et al. 2000) in the Cepheid distances. Finally, the standard error in the Key Project estimate of
H0 is dominated by a quadrature sum of systematic errors. This makes a very specific assumption
about the probability distributions of the systematic errors, in the sense that conspiracies between
the errors to systematically shift the estimate of H0 in one direction are assumed to be very
unlikely. A more conservative assumption about the behavior of systematic errors, such as a direct
sum of the systematic errors rather than a quadrature sum, would lead to significantly larger
uncertainties and less of a conflict with the estimates from the lenses. On the other hand, the
check of the Cepheid distance scale against the maser distance to NGC4258 suggests that the Key
Project distances may moderately underestimate H0 (Newman et al. 2001).
The third possibility is that the estimates of H0 from gravitational lenses are systematically
low. Our result is a significant change from the previous analysis of the available lens sample by
Koopmans & Fassnacht (1999), who found H0 = 68 ± 7 km/s Mpc for the dark matter models
using B0218+357, Q0957+561, PG1115+080, B1608+656 and PKS1830–211. In our analysis we
used only one of these 5 systems and added the four new systems RXJ0911+0551, SBS1520+534,
B1600+434 and HE2149–2745. The high value found by Koopmans & Fassnacht (1999) was due to
including the lenses we rejected as being unusable because the lens galaxy position was unknown
or the system is an under-constrained compound lens (see §2 for a full discussion). For example,
Koopmans & Fassnacht (1999) assign an estimate of H0 ≃ 85 km/s Mpc to PKS1830–211, while
the best current estimate is H0 = 44 ± 9 km/s Mpc due to an improved, but disputed, direct
estimate of the lens position (Winn et al. 2002, Courbin et al. 2002). The system with interacting
lens galaxies, B1608+656, is the one system which may disagree with our present analysis.
Given that the five lenses we use are relatively clean, well constrained, and produce consistent
results, it is unlikely that errors in the time delay measurements or the model constraints are
responsible for the results. Nonetheless, the systems should be monitored further to both confirm
the delay estimates and reduce the measurement errors to the point (under 5%) where they make
a negligible contribution to the overall uncertainties. Deep, high resolution imaging to measure
the structure of the lensed host galaxies will provide additional constraints on the lens models and
can be used to determine the radial density profile (Kochanek et al. 2001). Lensed images of the
host galaxy are seen in four of the current lenses with time delays (Q0957+561, Keeton et al. 2001;
PG1115+080, Impey et al. 1998; B1600+434, Kochanek et al. 1999; and B1608+656, Koopmans
& Fassnacht 1999). Additional HST observations are the key to including the rejected systems in
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later analyses. The extra constraints from deep images of the host galaxies in Q0957+561 and
B1608+656 may allow us to include them despite being compound lenses, and improved HST
imaging of B0218+357 and PKS1830–211 can resolve the problems associated with the lens galaxy
positions. The most important check on the results from the lenses is to measure precise time
delays in more systems, particularly since the statistics of time delays provides another probe of
the mass distribution (see Oguri et al. 2002). In order to avoid the current situation, in which
4 of 9 lenses with well-measured time delays are difficult to include in quantitative estimates of
H0, monitoring campaigns should focus on systems with one dominant lens galaxy having regular
isophotes whose properties can be easily measured with HST observations.
We considered only the extreme limits for the radial mass distribution of the lenses, and
we could obtain intermediate values of H0 by slowly adding a dark matter halo to the constant
M/L models. It is easy to mimic such models, and the results are shown in Figure 2.2 Despite
including the full, physically plausible range of uncertainties in the dark matter distributions, the
uncertainties in the H0 estimates from the lenses are comparable to those of the local distance
scale. The mean and variance of the H0 estimate from the lenses is H0 = 62 ± 7 km/s Mpc,
compared to 72 ± 8 for the Key Project. The shapes of the distributions differ in detail because
the systematic errors for the lenses were modeled as a top hat while those of the Key Project were
modeled as Gaussians. Combining the two likelihood distributions gives H0 = 67 ± 5 km/s Mpc,
which has reduced uncertainties but implies lens galaxies with little dark matter. Whatever the
final resolution to the apparent conflicts, gravitational lenses are rapidly approaching the precision
of the local distance scale methods of determining the Hubble constant despite the uncertainties
and degeneracies in the present generation of models.
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A. Determining H0 From Lens Samples With Inhomogeneous Mass Distributions
When we started this analysis, the motivation was to explore the consequences for the
determination of H0 from using time delay lenses having a range of radial mass distributions.
This seemed a requirement since available summaries (e.g. Koopmans & Fassnacht 1999) favored
2For each lens, we set the likelihood ratio to be that of the dark matter (constant M/L) model for H0 below
(above) the Hubble constant corresponding to the model’s maximum likelihood. Since we are assuming no ability to
distinguish the best fitting constant M/L and dark matter models, the likelihood ratios for all intermediate values
of H0 are set to unity. Thus, the likelihood distribution for each lens is a top hat with edges set by the physically
limiting mass models softened by the uncertainties in the model fits.
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giving PG11115+080 a tidally truncated halo so as to bring it into agreement with the remainder
of the sample. However, once we defined the requirements for our clean lens sample, the need
for dissimilar mass distributions evaporated. Far from being useful, this convergence of the mass
distributions makes the problem harder because a sample of lenses with time delays and very
different dark matter distributions can be used to estimate H0 even though every individual lens
suffers from a model degeneracy between the estimate of H0 and the dark matter distribution.
The basic argument is easily understood using the simple analytic scalings of Witt et
al. (2000) where there is a degeneracy between H0 and the exponent of the density distribution,
∆t ∝ (2 − β)/H0 for φ ∝ R
β and 0 ≤ β ≤ 1 covers the range from point masses to flat rotation
curves. Suppose we have a sample of lenses whose true density exponents are βtrue,i. Given the
true Hubble constant Htrue, we measure time delays ∆ti ∝ (2 − βtrue,i)/Htrue. We then model
the systems assuming a total degeneracy in the lens models, finding an estimates for the Hubble
constant of Hi = Htrue(2−β)/(2−βtrue,i) for a model exponent of β. When all lenses have similar
mass distributions, βtrue,i ≃ βtrue,j, then the Hubble constant estimates suffer from the global
degeneracy we observe in the current lens data – the requirement that all the lenses agree on the
same value for the Hubble constant provides little leverage for separating the effects of β and H0
on the time delay.
If, however, the true mass distributions are widely scattered, then the simple requirement
that all lenses must agree on the same value of H0 allows us to determine H0 even though
every individual lens suffers from a complete degeneracy between H0 and β restricted only
by the minimal requirement that the distribution is bounded by the limits of a flat rotation
curve (β = 1) and a point mass (β → 0). Each lens permits values of H0 bounded by
Htrue/(2 − βtrue,i) ≤ H0 ≤ 2Htrue/(2 − βtrue,i) where the lower (upper) limit corresponds to a
model with β = 1 (β = 0). If 0 ≤ βmin ≤ βtrue,i < βmax ≤ 1, then the ensemble of lenses restricts
the Hubble constant to the range Htrue/(2 − βmax) ≤ H0 ≤ 2Htrue/(2 − βmin). The fractional
range of the estimates,
∆H
Htrue
=
1
2− βmin
[
1−
βmax − βmin
2− βmax
]
, (A1)
is always reduced by having a spread of mass distributions, becoming zero when the range of the
true distributions matches that imposed on the models. Thus, it is better to have a mixture of
lenses with and without dark matter than to have the homogeneous mass distributions the data
seem to require.
REFERENCES
Barkana, R., 1996, ApJ, 468, 17
Barkana, R., 1997, ApJ, 489, 21
Bernstein, G., Fischer, P., Tyson, J.A., & Rhee, G., 1997, ApJ, 583, L79
– 14 –
Biggs, A.D., Browne, I.W.A., Helbig, P., Koopmans, L.V.E., Wilkinson, P.N., & Perley, R.A.,
1999, MNRAS, 304, 349
Bullock J.S., Kolatt, T.S., Sigad, Y., Somerville, R.S., Kravtsov, A.V., Klypin, A.A., Primack,
J.R., & Dekel, A., 2001, MNRAS, 321, 559 [astro-ph/9908159]
Burud, I., 2002, PhD Thesis, Institut d’Astrophysique, Liege,
http://vela.astro.ulg.ac.be/themes/dataproc/deconv/theses/burud/ibthese e.html
Burud, I., Courbin, F., Magain, P., et al., 2002, A&A, 383, 71
Burud, I., Hjorth, J., Jaunsen, A.O., et al., 2000, ApJ, 544, 117
Chartas, G., Gupta, V., Garmire, G., Jones, C., Falco, E.E., Shapiro, I.I., & Tavecchio, F., 2002,
ApJ, 565, 96
Courbin, F., Meylan, G., Kneib, J.P., & Lidman, C., 2002, ApJ submitted, astro-ph/0202026
Dalal, N., & Kochanek, C.S., 2002, ApJ in press, astro-ph/0111456
Fabbiano, G. 1989, ARA&A, 27, 87
Falco, E.E., Kochanek, C.S., Lehar, J., McLeod, B.A., Munoz, J.A., Impey, C.D., Keeton, C.R.,
Peng, C.Y., & Rix, H.-W., 2001, Gravitational Lensing: Recent Progress and Future Goals,
ASP237, T. Brainerd & C.S. Kochanek, eds., (ASP: Provo) 25
Falco, E.E., Gorenstein, M.V., & Shapiro, I.I., 1985, ApJ, 289, L1
Faure, C., Courbin, F., Kneib, J.P., Alloin, D., Bolzonella, M., & Burud, I., 2002, A&A in press
[astro-ph/0201057]
Freedman, W.L., Madore, B.F., Gibson, B.K., et al., 2001, ApJ, 553, 47
Gerhard, O., Kronawitter, A., Saglia, R.P., & Bender, R., 2001, AJ, 121, 1936
Guzik, J., & Seljak, U., 2002, MNRAS submitted, astro-ph/0201448
Impey, C.D., Falco, E.E., Kochanek, C.S., Lehar, J., McLeod, B.A., Rix, H.-W., Peng, C.Y., &
Keeton, C.R., 1998, ApJ, 509, 551
Keeton, C.R., & Kochanek, C.S., 1997, ApJ, 487, 42
Keeton, C.R., Kochanek, C.S., Seljak, U., 1997, ApJ, 482, 604
Keeton, C.R., & Kochanek, C.S., 1998, ApJ, 495, 157
Keeton, C.R., Falco, E.E., Impey, C.D., Kochanek, C.S., Lehar, J., McLeod, B.A., Rix, H.-W.,
Munoz, J.A., & Peng, C.Y., 2000, ApJ, 542, 74
– 15 –
Keeton, C.R., 2001, ApJ submitted, astro-ph/0102340
Keeton, C.R., 2001, ApJ, 2001, 561, 46
Kneib, J.-P., Cohen, J.G., & Hjorth, J., 2000, ApJ, 544, L35
Kochanek, C.S., Falco, E.E., Impey, C.D., Lehar, J., McLeod, B.A., & Rix, H.-W., 1999, After the
Dark Ages, AIP#470, S.S. Holt & E.P. Smith, eds., (San Francisco: AIP) 163
Kochanek, C.S., 1997, ApJ, 491, 13
Kochanek, C.S., Keeton, C.R., McLeod, B.A., 2001, ApJ, 547, 50
Kochanek, C.S., & White, M., 2001, ApJ, 559, 531
Kochanek, C.S., 2002, in the proceedings of the Yale Cosmology Workshop, P. Natarajan, ed.,
astro-ph/0106495
Koopmans, L.V.E., de Bruyn, A.G., & Jackson, N., 1998, 295, 534
Koopmans, L.V.E., & Fassnacht, C.D., 1999, ApJ, 527, 513
Koopmans, L.V.E., de Bruyn, A.G., Xanthopoulos, E., & Fassnacht, C.D., 2000, A&A, 356, 391
Lehar, J., Falco, E.E., Kochanek, C.S., McLeod, B.A., Munoz, J.A., Impey, C.D., Rix, H.-W.,
Keeton, C.R., & Peng, C.Y., 2000, ApJ, 536, 584
Lowenstein, M., & White, R.E., 1999, ApJ, 518, L50
Maller, A.H., Simard, L., Guhathakurta, P., Hjorth, J., Jaunsen, A.O., Flores, R.A., & Primack,
J.R., 2000, ApJ, 533, 194
Mo, H.J., Mao, S., & White, S.D.M., 1998, MNRAS, 295, 319
Mochejska, B.J., Macri, L.M., Sasselov, D.D., & Stanek, K.Z., 2000, AJ, 120, 810
Moore, B., 2001, 20th Texas Symposium, AIP#586, J.C. Wheeler & H. Martel, eds., (Melville,
NY: AIP) 73
Morgan, N.D., Chartas, G., Malm, M., Bautz, M.W., Burud, I., Hjorth, J., Jones, S.E., &
Schechter, P.L., 2001, ApJ, 555, 1
Munoz, J.A., Kochanek, C.S., & Keeton, C.R., 2001, ApJ, 558, 657
Newman, J.A., Ferrarese, L., Stetson, P.B., Maoz, E., Zepf, S.E., Davis, M., Freedman, W.L., &
Madore, B.F., 2001, ApJ, 553, 562
Oguri, M., Taruya, A., Suto, Y., & Turner, E.L., 2002, ApJ, 568, 488
– 16 –
Refsdal, S., 1964, MNRAS, 128, 307
Refsdal, S., 1966, MNRAS, 132, 101
Refsdal, S., & Surdej, J., 1994, Rep. Prog. Phys., 57, 117
Rix, H.-W., de Zeeuw, P.T., Cretton, N., van der Marel, R.P., & Carollo, C.M., 1997, ApJ, 488,
702
Romanowsky, A.J., & Kochanek, C.S., 1999, ApJ, 516, 18
Rusin, D., 2000, astro-ph/0004241
Rusin, D., & Ma, C.-P., 2001, ApJ, 549, L33
Sasselov, D.D., et al., 1997, A&A, 324, 471
Sackett, P.D., 1999, Galaxy Dynamics ASP#182, D.R. Merritt, M. Valluri, & J.A. Sellwood, eds.,
(San Francisco: ASP) 393
Saha, A., Sandage, A., Tammann, G.A., Dolphin, A.E., Christensen, J., Panagia, N., & Macchetto,
F.D., 2001, ApJ, 562, 314
Schechter, P.L., et al., 1997, ApJ, 475, L85
Schechter, P.L., 2000, IAU 201, A.N. Lasenby & A. Wilkinson, eds., also astro-ph/0009048
Seljak, U., 1994, ApJ, 435, 87
Surpi, G., & Blandford, R.D., 2001, ApJ submitted, astro-ph/0111160
Treu, T., & Koopmans, L., 2002, ApJ submitted [astro-ph/0202342]
Williams, L.L.R., & Saha, P., 2000, AJ, 119, 439
Witt, H.J., Mao, S., & Schechter, P.L., 1995, ApJ, 443, 18
Witt, H.J., Mao, S., & Keeton, C.R., 2000, ApJ, 544, 98
Winn, J.N., Kochanek, C.S., McLeod, B.A., Falco, E.E., Impey, C.D., Rix, H.-W., 2002, ApJ
submitted, astro-ph/0201551
Wucknitz, O., 2001, A New Era in Cosmology, (ASP), also astro-ph/0112330
Wucknitz, O., 2002, MNRAS in press, astro-ph/0202376
Zhao, H.S. & Pronk, D., 2001, MNRAS, 320, 401
This preprint was prepared with the AAS LATEX macros v4.0.
